Pendimethalin and trifluralin are current-use pesticides that have been previously reported as persistent, bioaccumulative, and toxic. In the studies presented here, dissipation of aged and fresh residues of pendimethalin and trifluralin were evaluated in soil, as well as the bioavailability of residues to earthworms and the movement of pendimethalin in a soil column. In a separate study, pond water receiving runoff from a golf course was measured for the presence of pendimethalin. Dissipation measurements of pendimethalin and trifluralin in soil indicated very slow dissipation with 40-60% of the compounds extractable at 1026 days after the first measurement. In a second study, dissipation of pendimethalin was more rapid, however more than 30% was present after 310 days of soil treatment. Biovailability, as measured by earthworm biological accumulation factors, was reduced over time. Mobility of pendimethalin was very limited. Almost no downward movement was measured in the column study, and no detectable levels were found in runoff from turf grass. Pendimethalin and trifluralin are current-use pesticides that have been previously reported as persistent, bioaccumulative, and toxic. In the studies presented here, dissipation of aged and fresh residues of pendimethalin and trifluralin were evaluated in soil, as well as the bioavailability of residues to earthworms and the movement of pendimethalin in a soil column. In a separate study, pond water receiving runoff from a golf course was measured for the presence of pendimethalin. Dissipation measurements of pendimethalin and trifluralin in soil indicated very slow dissipation with 40-60% of the compounds extractable at 1026 days after the first measurement. In a second study, dissipation of pendimethalin was more rapid, however more than 30% was present after 310 days of soil treatment. Biovailability, as measured by earthworm biological accumulation factors, was reduced over time. Mobility of pendimethalin was very limited. Almost no downward movement was measured in the column study, and no detectable levels were found in runoff from turf grass.
Introduction
Dinitroanaline herbicides are used for pre-emergent control of grass weeds in many crops including soybeans, cotton, and turfgrass. In plants, these herbicides bind to tubulin, thus preventing microtubule formation, disrupting mitosis, and causing ultrastructural effects (1) . Throughout the last thirty years, large amounts of both of these herbicides have been applied to soil. In 1996 alone, five million kilograms of trifluralin and six million kilograms of pendimethalin were applied to soybean fields in the United States (2) . Herbicide use can cause nonpoint source contamination of surface and groundwater. Additionally, due to the large amount of herbicide usage, incidental spillage during mixing and loading can occur, resulting in heavily contaminated soil (3) .
Previous studies have indicated that soil found at agrochemical dealerships in Iowa had concentrations of pendimethalin above 100 mg/kg and concentrations of trifluralin above 10 mg/kg (4), levels well above application rates. Since the degradation rate of some pesticides is concentration-specific, with higher concentrations degrading more slowly (5, 6) , the environmental impact of these sites may not be well predicted by current fate studies, which are mostly conducted using field conditions. Pendimethalin and trifluralin have low water solubilty and sorb to soil at a high rate. However, some studies have indicated that pendimethalin and trifluralin may contaminate groundwater and surface water. For instance, pendimethalin has been found in groundwater near agrochemical dealerships (3) and both trifluralin and pendimethalin have been detected in surface water in studies conducted by the United States Geological Survey (7) .
The presence of herbicides in surface and groundwater is widely studied because of the potential impact on human and environmental health. Although less studied, soil contamination can also impact the environment in a variety of ways. First, the contaminant can move into aqueous compartments by leaching into groundwater or entering surface water through runoff. Secondly, the chemical can cause local effects due to direct toxicity to plants or animals. Finally, the contaminant can accumulate in local fauna or flora and cause toxicity to animals at higher trophic levels.
Both of the most intensively used dinitroanaline herbicides, pendimethalin and trifluralin, have been placed on the United States Environmental Protection Agency's list of Persistent Bioaccumulative and Toxic chemicals (PBT; 8). Most of this list is composed of industrial and past-use pesticides such as chlorinated insecticides, mercury, polychlorinated biphenyls, polyaromatic hydrocarbons, and DDT. The dinitroanalines are the only compounds on the PBT list that are currently produced in the United States for release into the environment at high levels, although the environmental fate and effects of dinitroanilines have been less studied as compared to other PBTs.
In the past few years we have conducted a variety of studies to determine the fate of herbicides in soil. Each study investigated several herbicides and was designed to evaluate either best management practices for reduction of pesticide runoff or phytoremediation of herbicide residues in soil. The portions of each study regarding pendimethalin or trifluralin movement and dissipation are summarized within this manuscript to provide an overview of the environmental fate data we have collected regarding dinitroanaline herbicides. Complete studies reporting data for all pesticides involved and all remediation strategies will be published elsewhere.
Methods

Microplot Study
Soil from an agrochemical dealership site (loamy sand, 1.6% organic matter) was treated with 100 ppm atrazine, 25 ppm metolachlor, and 25 ppm trifluralin in addition to the 110 ppm of pendimethalin and 10 ppm metolachlor already present. The soil was distributed between four containers (24 χ 30 cm base with 18-cm depth). Microplots were placed outside during the summer months (near a cornfield on the Iowa State University campus) and within a greenhouse during winter months (20°C, 16:8 light to dark). Soils were aged for thirty days before the first sampling. Plots were sampled by taking three soil cores at various points in time up to 1026 days. Concentration of the pesticides was measured at each time point. After 1026 days, soil from each plot was allowed to dry and then mixed thoroughly. Chemical analysis and soil earthworm bioaccumulation studies were performed to evaluate the bioavailability of the remaining dinitroanaline residues.
Extraction and Analysis of Soils
Soils were extracted as previously reported (9) . Briefly, 20 g of soil were shaken three times with 60 ml ethyl acetate. The resulting extract was concentrated either under nitrogen flow or by a rotary evaporator. Analysis of the extracts was performed by gas chromatography and thermionic specific detection (GC-TSD) as previously described (9) .
Earthworm Bioassay
Eight-day earthworm bioaccumulation assays were conducted as previously reported (10) . Four adult worms (Eisenia fetida, average mass 1.5 g) were placed in 200-ml jars with 150 g of the test soil. Soil moisture was adjusted to 19% (approximately 1/3 bar) before sealing the jar with perforated Parafilm®. After eight days of incubation at 25°C and constant low level light, earthworms were removed from the sample soil and placed in untreated soil for one day. Worms were then removed and extracted three times with 10 ml of ethyl acetate in a sample homogenizer. Measurement of trifluralin or pendimethalin was then performed using GC-TSD. Biological accumulation factors (BAFs) were calculated as concentration in the earthworm divided by the concentration recoverable by ethyl acetate extraction, and these BAFs were used as a measure of bioavailability. Control studies were performed identically using soil that had been fortified with herbicide 24 hours before the start of the test. Control studies provide a baseline for the expected BAFs for pendimethalin and trifluralin for fresh residues.
Soil Column Study
Eight soil columns were constructed in PVC pipe (10 cm in diameter, 23 cm long) enclosed at the bottom with aluminum screen and glass wool. The soil used was collected from a corn field near Ames, IA that had not received herbicide treatment (sandy loam, 2.7% O.M.; Field 55, ISU Ag Engineering/Agronomy Farm). The columns were packed with 7 cm of unfortified soil at the base of the column, and topped with 14 cm of soil fortified with atrazine, alachlor, metolachlor, and pendimethalin each at 25 mg/kg (36.9 mg per column). Columns were packed to a bulk density of 1.25 g/ml. Distilled water was added slowly (1 cm/hour) to each column to reach a moisture content of 1/3 bar (19.1%). Columns were maintained at greenhouse conditions (25°C, 16:8 minimum light to dark). Each column was watered with 1 cm (81 ml) of distilled water every 96 hours. This amount kept the columns moist, yet was insufficient to cause loss of water from the bottom of the column.
Leaching of Soil Columns and Removal of Soil
After 240 and 330 days, 7.5 cm (608 ml) very soft water (12.0 mg/L as NaHC03) was added to each column over an 8-hour period. Leachate was collected at the bottom of the column. Leachate was stored at 4°C no longer than 48 hours before analysis by solid phase extraction. Extracts were analyzed by GC-TSD. The columns were then left at greenhouse conditions without water for ten days after the leaching process (250 and 340 days). Soil from each column was collected from three regions: the top 6 cm, the following 6 cm (middle), and the bottom 5 cm. The soil was sieved (2.8 mm) and then stored in glass containers at 4°C. Chemical analysis and earthworm bioassays were conducted as previously discussed.
Golf Course Study
Water samples were collected from Braeburn Golf Course in Wichita, KS. The course is an 18-hole, 160-acre, public golf course that contains four ponds. Pendimethalin was applied as a pre-emergent herbicide on the fairways of the course throughout the sampling period. The formulation applied was a fertilizer and pendimethalin mixture (Scott's Brand) applied at 134 kg/ha (active ingredient 1.2%, 1.6 kg/ha). Samples were collected from two ponds. Pond A receives runoff from the southern and western portions of the course, as well as flow from a pond not studied, and flow from drainage tiles. Pond A is small (800 m 2 ) and shallow (<0.3 m deep). Pond Β receives flow from fairways and from an unstudied pond. It is a larger (3000 m 2 ) and deeper (average 2.5 m) pond. Water draining from Pond Β leaves the golf course and enters the Arkansas River Watershed. A more thorough description of the site and sampling techniques is available elsewere (11) .
The study lasted for three years, from July 1997 to October 2000. Samples were taken from the two ponds biweekly. In addition, water was collected during rain events five times in the first two years and ten times in the third year of the project. Rainfall had to exceed 1.5 cm to qualify as a rain event. During each rain event, samples were collected 2,4, and 24 hours following the onset of rain. Samples were collected approximately 0.5 m from the shoreline as grab samples in 1 L glass bottles. Samples were transported to the laboratory and analyzed within 48 hours.
Pesticides were extracted by solid-phase extraction and analyzed by gas chromatography coupled with nitrogen-phosphorus detection as previously described (12) . Samples were fortified with tributylphosphate in acetone as a surrogate. Recovery for pendimethalin using this method was 80.5 % with a standard deviation of 6.8 % (n = 36). Quantitation limits were 0.4 μ&Ί,.
Results
Microplot Study
Pendimethalin and trifluralin had very low dissipation rates. As shown in Figure 1 , both compounds had very little dissipation after the first thirty days of aging. Only small losses occurred throughout the first year, and greater than 50% of each compound was present after 1000 days. At the end of the study, a higher percentage of pendimethalin had dissipated as compared to trifluralin, even though it was present in the soil at higher concentrations and was aged for a longer period prior to the beginning of measurement collection.
Pendimethalin and trifluralin accumulated in earthworms. After eight days of exposure to soil from the microplots, BAF values were calculated as 2.9 (SE 0.2) for trifluralin and 0.78 (SE 0.08) for pendimethalin. BAF values calculated for exposure in control soil (as reported for the column study) aged for only one day were 5.7 (SE 0.5) for trifluralin and 1.9 (SE 0.2) for pendimethalin. For both pendimethalin and trifluralin, the BAFs were significantly lower in microplot soil as compared to freshly treated soil (p < 0.01). 
Column Study
Dissipation of pendimethalin in the study involving soil columns also was slow. After 250 days in the soil column, 41% (SE 2) was present, and after 340 days, 31% (SE 2) was present. As shown in Figure 2 , dissipation was significantly faster in the top of the column than in the middle section (p < 0.05) and was greater as time increased (p < 0.05). In addition, pendimethalin moved very little in the soil column. Pendimethalin was not detectable in the leachate (less than 0.05% of amount applied), and less than 1.5% of the applied amount moved into the bottom unfortified soil section. Pendimethalin also was detected in earthworms exposed to soil from the top and middle sections of the columns. As shown in Figure 3 , bioavailability dropped in all sections and times as compared with the BAF values calculated for exposure in control soil (1.9, SE 0.2). BAFs were significantly lower for the top section as compared with the middle section (p <0.05) and for columns aged 340 days as compared with 250 days.
Golf Course Study
Pendimethalin was not detected in any of the samples collected in this study. Other compounds, such as simazine, which were applied to the fairways, were detected in this study as previously reported (11) . Quality control for the analytical procedures demonstrated the effectiveness of the measurement method. Matrix spike and surrogate recoveries were above 70% for all samples. 
Discussion
These results demonstrate the persistence of pendimethalin and trifluralin. At the end of the microplot study, less than 50% dissipation had occurred for both compounds, indicating that the half-life of the residues was greater than 1000 days. In the column study, the dissipation rate of pendimethalin was faster, yet after 340 days, 31% still remained. Although the number of time points was limited, the half-life of the residues could be estimated as greater than 170 days, as an average of the first two half-lives. The difference in pendimethalin dissipation rates between the studies may be the result of several factors. First, the agronomic soil used in the column study had higher organic matter, higher clay content, and may have been more biologically active than the sandy, previously contaminated soil used in the microplot study. But, increases in organic matter content usually result in the reverse trend with greater adsorption to the soil. Second, in the column study, soil was kept at 25°C and at moisture conditions close to the gravimetric water potential throughout the study, while in the microplot study, soil was left outdoors, subject to temperature and moisture extremes. At times, these conditions were likely to be cooler and dryer than ideal for degradation. Pendimethalin has been shown to dissipate more slowly with decreased soil moisture (14) . Finally, pendimethalin within the microplots had been aged for an unknown amount of time before the start of the test, and therefore may not have been available for volatilization or biodégradation.
Previous studies have often reported shorter dissipation half-lives for pendimethalin and trifluralin. For instance, pendimethalin has been reported to have dissipation half-lives of 37 days in onion fields (13) , 47 days in agronomic soil (14) , and 12 days in thatch on a golf course (15) . Other laboratory studies have reported pendimethalin half-lives as long as 98 days at 30°C and 407 days at 10°C (16) . Trifluralin residues have been shown to persist in fields, with halflives of 35.8 and 25.7 days (17) or longer (18) . However, additional studies have indicated that after a period of initial dissipation, both compounds may have much slower dissipation rates (17, 18) . Concern has been raised about the validity of using dissipation rates as a measurement of persistence. Degradation half lives for both compounds may be much longer (8) . But, dissipation rates were measured in these studies and, in our opinion, are relevant to soil concentrations in the field.
The dissipation rates found in both the microplot and column studies could be slow for a variety of reasons. Both trifluralin and pendimethalin may have dissipated due to volatility and photodegradation (18, 19, 20) . Rapid incorporation of the pesticides into the soil during these studies may have decreased the magnitude of these important dissipation mechanisms. The concentrations used in these studies were also higher than those used in previous studies, in order to represent point-source spillage instead of field application. Increased concentration has been shown to decrease degradation rates for some compounds (5, 6) .
Pendimethalin was shown to have minimal mobility in surface runoff and leachate in this study, as demonstrated by the lack of movement in the soil column study, and the less-than-detectable levels found in the ponds in the golf course study. These results are not unexpected. In general, the dinitroanalines have low water solubility and high soil adsorption (18) . Field studies of pendimethalin have indicated very little leaching through soil columns (21) . This lack of movement, coupled with previous reports of higher dissipation rates of pendimethalin on golf course thatch (15) , may explain why detectable water contamination was not present on the golf course. However, if contamination of the water did occur, pendimethalin is likely to partition quickly into the sediment, which was not tested.
Overall, BAF values for pendimethalin and trifluralin in these studies decreased over time as compared to BAF values for fresh residues. This result was also expected. Many persistent contaminants have been shown to have decreased availability over time, and it has been suggested that the change in bioavailability should be considered when estimating risk (22) . In the column study, the BAF values for the top section were significantly lower than for the middle section (p <0.05). Due to the overall method design of the experiment, potting soil rich in organic matter was added to the top of the column. This increase in organic matter may have resulted in the decrease in bioavailability.
In summary, our results indicate that pendimethalin and trifluralin may be very persistent herbicides when incorporated into soil.
However, when considering the potential environmental hazards of these residues, one should consider the low mobility of the compounds within the soil and the decreased bioavailability that occurs as the residues age.
